Introduction
[2] Noctilucent clouds (NLCs) occur at altitudes of about 83 km and latitudes poleward of 50°in the summer hemisphere. They mainly consist of water ice [Hervig et al., 2001] with particle radii smaller than about 100 nm [e.g., Rusch et al., 1991; Gumbel and Witt, 1998; von Cossart et al., 1999; von Savigny et al., 2004] . NLCs are now understood as only being the optically visible part of a layer of ''icy particles'' [Berger and von Zahn, 2002] covering the entire polar mesopause region, and extending in altitude well above the visible NLC. Due to the growth/sedimentation process and the dependence of the sedimentation velocity on the NLC particle radius a vertical variation of the NLC particle sizes within the NLC is expected, with larger particles near the bottom of the NLC and smaller particles near the top. This behavior has been modeled with different microphysical models [e.g., Berger and von Zahn, 2002] , but has been investigated experimentally only in a few studies. Gumbel and Witt [1998] used a rocket-borne photometer and an impact probe launched during the NLC-93 campaign, and found particle radii increasing from 45-55 nm at 84 km to 55 -65 nm at 83 km altitude-assuming monodisperse spherical particles. Romick et al. [2002] and Carbary et al. [2003] found that the slopes in the NLC-scattered limb spectra measured with UVISI on MSX changed as a function of tangent height, indicating that particles 3 km above the radiance peak are smaller than particles at the peak. In this paper we study the vertical variation of NLC particle sizes using OSIRIS limb observations.
OSIRIS on Odin
[3] OSIRIS [Llewellyn et al., 2004 ] is a Canadian instrument on the Swedish-led Odin satellite that orbits the Earth in a polar, Sun-synchronous orbit with an inclination of 97.8°and an ascending node at 18:00 local solar time (LST). At high latitudes the satellite spins through LST very quickly. The LSTs of the measurements used here vary from 07:30 to 16:30. The tangent height (TH) range from 10 km to 70 km is scanned in the stratospheric mode and up to 105-110 km in the mesospheric mode. OSIRIS consists of a grating spectrometer covering the 280-800 nm spectral range with a resolution of about 1 nm. The field of view at the tangent point is 1 km vertically and 32 km horizontally. The pointing precision is about 100 m and pointing accuracy is better than 500 m for the observations used in this study.
Methodology
[4] In order to minimize the contribution of multiple scattering (MS) and surface reflection, the spectral window from 290 -310 nm was used. Radiative transfer simulations performed with LIMBTRAN [Griffioen and Oikarinen, 2000] showed that the MS contribution for a pure Rayleigh atmosphere and l < 310 nm is smaller than 2% at TH = 83 km. First the Rayleigh background was determined by exponential interpolation between 90 km and 60 km (Figure 1 ). This is a rather crude background correction, but leads to small errors in the derived NLC particle sizes if bright NLCs are considered. Only NLC observations with a peak relative brightness RB (ratio of the NLC scattered radiance and Rayleigh-scattered radiance) exceeding 20 are used, implying that our analysis is biased towards brighter NLCs.
[5] The method used to estimate NLC particle sizes is similar to the one described in von Savigny et al. [2004] . In the single scattering (SS) approximation the radiation scat-tered by the NLC particles only depends on the solar spectrum S(l) and on the differential scattering coefficient q diff (l, Q):
[6] Q is the scattering angle, and q diff (l, Q) is given by the product of the absolute scattering coefficient and the phase function: q diff (l, Q) = q abs (l) Â P(Q). The Sunnormalized limb scatter spectrum i(l, Q, TH) =
is proportional to the differential scattering coefficient which can be approximated by a power law (q diff (l, Q) / l Àa ) in the narrow spectral window used here. a is the so-called Å ngstrøm-exponent. Using Mie calculations the derived Å ngstrøm exponents can be related to the NLC particle sizes. In Figure 2 (top) the spectra of NLC scattered limb radiances and (bottom) the derived Sunnormalized spectra are shown for the example depicted in Figure 1 (left). The Kurucz et al. [1984] high resolution solar spectrum, convolved with the wavelength dependent OSIRIS slit function and binned into the CCD pixels was used.
[7] Note, that available solar reference spectra (Wehrli [1985] ); Kurucz et al. [1984] ; the Chance-Kurucz spectrum provided with MODTRAN 3.7) lead to significantly different (Da > 3) Å ngstrøm exponents in the 290-310 nm window. In order to ''calibrate'' the spectral slope of the solar spectrum, cloud-free limb scans at TH = 70 km were used. Since the atmosphere is optically thin along the line of sight at this TH, and since MS is negligible the Rayleighvalue of a % 4 is expected. This was confirmed with LIMBTRAN [Griffioen and Oikarinen, 2000] yielding a value of a = 3.99 for TH = 70 km and 90°scattering angle. The observed values-using the Kurucz et al. [1984] solar spectrum-derived from several hundred OSIRIS measurements for different latitudes, and scattering angles are a Rayleigh obs = 4.57 ± 0.10. Therefore, a correction term of Da = À0.58 is added to all derived Å ngstrøm-exponents.
No statistically significant variation of a Rayleigh obs with geographical latitude or scattering angle is found.
[8] The NLC radii were derived under the assumptions that the NLC particles are Mie particles and that their particle size distribution (PSD) is a log-normal distribution
The mode radius r 0 and the width s are free parameters. N is the total number of particles. The chosen value of s = 1.4 is motivated by the simultaneous retrievals of r 0 and s from 3-color LIDAR observations [von Cossart et al., 1999] yielding s = 1.42 ± 0.22 averaged over 11 NLC observations studied. The water ice refractive index of Warren [1984] is used. A Levenberg-Marquard schemedriving a Mie code M(r 0 ) as a forward model-is employed to adjust the mode radius r 0 until convergence of the modeled to the observed Å ngstrøm-exponent is achieved.
Here, M(r 0 ) = M( f (r 0 )) is provided with the mode radius r 0 and yields the corresponding theoretical Å ngstrøm-exponent.
[9] If the NLC particle size exceeds a certain-scattering angle dependent-threshold, then the unique relationship between the Å ngstrøm coefficient and the NLC radius breaks down (Figure 3 ). For the scattering angles of the observations used here (Q 2 [85°, 95°]) the Å ngstrøm coefficient decreases monotonically with increasing mode radius only up to radii of about 80 nm. However, since almost all of the presently available studies yielded smaller radii, we can assume a unique relationship between Å ngstrøm coefficient and radius.
[10] Note, that the NLC particle radii were derived from the limb spectra at different THs, and not from inverted vertical scattering rate profiles as a function of altitude. The inversion of sharply peaked structures is intrinsically difficult and may lead to questionable results. However, Figure 1 . Sample limb radiance profiles (l = 300 nm) in the Southern (left) and Northern Hemisphere (right) with NLCs in the field of view. Note, that the radiances several kilometers above the peak may be to a certain extent contaminated by the underlying NLC. the main conclusion of this study-that the NLC particle radii increase with decreasing TH-is certainly still justified.
[11] Even without a solar irradiance spectrum, the vertical variation of NLC particle sizes can be studied by dividing the limb spectra at neighboring THs. The spectral exponent of this limb spectra ratio directly corresponds to the difference in spectral exponents of the NLC signatures at the two THs (TH 1 > TH 2 ):
with Da = a(TH 2 ) À a(TH 1 ). The differential spectral exponents Da are listed in Table 1 for all NLCs considered. Negative values imply, that the spectrum at the lower TH has a smaller absolute Å ngstrøm coefficient, corresponding to larger particles.
Error Analysis
[12] The derived NLC particle radii are affected by several error sources. To show that the observed vertical variations in NLC particle size are not spuriously introduced, all relevant sources of error are individually discussed in the following subsections.
Rayleigh-Background Correction
[13] In order to minimize the errors introduced by uncertainties in the Rayleigh-background correction we already focused on the brightest clouds. An upper limit of the impact of incorrect Rayleigh-background correction was established by comparing the differences between the spectral exponents a with and without Rayleigh correction. The difference in Å ngstrøm exponents for all NLC observations listed in Table 1 was 0.10 ± 0.08.
Polarization Sensitivity
[14] The instrument response is polarization sensitive, yet polarization is not measured. Using the McLinden et al. [2000] polarization calibration spectra, the differences in Å ngstrøm exponents between unpolarized and completely polarized incident radiation were found to be smaller than 0.26 for the 290-310 nm range. Generally, with less extreme vertical variations of the degree of polarization, the impact on the Å ngstrøm exponents will be smaller. Mie calculations showed that the change in the degree of linear polarization caused by the mode radius varying between 20 and 60 nm (assuming a log-normal PSD and s = 1.4) leads to differences in the spectral exponent of less than 0.1.
Measurement Error
[15] The rms measurement error between 290 and 310 nm is about 5 Â 10 8 photons s À1 cm À2 nm À1 sr À1 or less, leading to a S/N ratio of several hundred for all the NLC cases studied here. Only NLC observations with peak limb radiances exceeding 1.5 Â 10 11 photons s À1 cm À2 nm À1 sr À1 were used. The impact of random measurement noise on the derived spectral exponents is smaller than 0.05 for all NLCs listed in Table 1 .
OH Resonance Fluorescence
[16] In order to test the impact of the OH resonance fluorescence around 308 nm on the retrieved Å ngstrøm coefficients we repeated the spectral fit for the 290-305 nm spectral window. The mean difference in coefficients between The values correspond to the spectral exponents of the ratios of middle to lowest tangent height (left column), and highest to lowest tangent height (right column). The latitudes of the observed NLCs range from 70°N to 82°N, and from 75°S to 82°S in the corresponding hemisphere.
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VON SAVIGNY ET AL.: VERTICAL NLC STRUCTURE FROM ODIN/OSIRIS L07806 the two spectral windows was 0.02 at the peak and increased slightly to 0.07 two TH steps above the peak, where the relative brightness is the smallest. The impact of the OH fluorescence would be larger, if weaker NLCs were considered as well.
Multiple Scattering and Surface Reflection
[17] For l < 310 nm the MS contribution including surface reflection is less than 2%, even for a ground albedo of A = 1. Radiative transfer simulations performed with LIMBTRAN showed, that the difference in Å ngstrøm exponents between SS and full MS scattering calculations is less than 0.2.
[18] In summary, the combination of the potential sources of systematic and random errors is not large enough to spuriously cause the observed altitude dependence in derived NLC particle radius estimates, i.e., the observed variation is real. (Table 1 ). The NLC radius errors listed in Table 1 correspond to the total error considering the error sources discussed in section 4. Figure 4 shows the vertical variation of the derived NLC particle radii. The radii decrease with increasing altitude, in agreement with the rocket observations by Gumbel and Witt [1998] . This confirms the idea of larger particles sedimenting out of the cloud at the end of their lifetime. Romick et al. [2002] reported NLC mode radii of 65 nm (assuming a lognormal PSD) and s = 1.15 at the peak, whereas 3 km above the peak radii smaller than about 30 nm were found. This decrease in the retrieved NLC particle radii by roughly a factor of 2 within a 3 km height range is consistent with our results.
Results and Discussion
[20] It must be pointed out that the assumption of a log-normal PSD with s = const. is not very realistic, as s generally varies with height. However, our measurements do not contain enough information to retrieve both r 0 and s. Moreover, any assumption on the NLC PSD is arbitrary to a certain extent, since no direct PSD measurements exist. Despite the assumption that s is constant, the main conclusion of the paper-larger particles near the bottom than higher up-is still valid. This is due to the strong dependence of the NLC scattering coefficient on particle radius. Only larger particles populating a small radius interval will significantly contribute to the observed signal.
[21] Distinct interhemispheric differences are present in Figure 4 and Table 1 : (a) the average NLC altitude is higher in the southern than in the Northern Hemisphere; (b) the mean particle radii are larger in the northern compared to the Southern Hemisphere. The mean radii r 0 for the Southern and Northern Hemisphere NLC observations are 27.0 (±9.0) nm, and 38.1 (±7.6) nm respectively. These values agree well with the Northern Hemisphere observations by LIDAR [von Cossart et al., 1999] and with SCIAMACHY on Envisat [von Savigny et al., 2004] . Due to the limited data set, the findings (a) and (b) are not statistically significant. However, the larger particle sizes in the Northern Hemisphere may be related to the previously reported larger brightness of NLCs in the Northern Hemisphere [e.g., Thomas et al., 1991; Petelina et al., 2005] .
Conclusion
[22] The standard assumption of larger NLC particles near the bottom of NLCs was experimentally confirmed using OSIRIS limb scattering observations in the UV-B. Indications for larger mean particle sizes in the Northern Hemisphere compared to the Southern Hemisphere have to be confirmed with a more extended data set. The possibility to invert the limb scatter measurements in order to determine the true vertical variation of the NLC particle size estimates is presently being investigated. Table 1 .
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